Prenatal exposure to alcohol can result in a range of neurobehavioral impairments and physical abnormalities. The term "fetal alcohol spectrum disorders (FASD)" encompasses the outcomes of prenatal alcohol exposure (PAE), the most severe of which is fetal alcohol syndrome. These effects have lifelong consequences, placing a significant burden on affected individuals, caregivers, and communities. Caregivers of affected children often report that their child has sleep problems, and many symptoms of sleep deprivation overlap with the cognitive and behavioral deficits characteristic of FASD. Alcohol-exposed infants and children demonstrate poor sleep quality based on measures of electroencephalography, actigraphy, and questionnaires. These sleep studies indicate a common theme of disrupted sleep pattern, more frequent awakenings, and reduced total sleep time. However, relatively little is known about circadian rhythm disruption and the neurobehavioral correlates of sleep disturbance in individuals with PAE. Furthermore, there is limited information available to healthcare providers about identification and treatment of sleep disorders in patients with FASD. This review consolidates the findings from studies of infant and pediatric sleep in this population, providing an overview of typical sleep characteristics, neurobehavioral correlates of sleep disruption, and potential avenues for intervention in the context of PAE.
F ETAL ALCOHOL SPECTRUM disorders (FASD)
refer to the range of adverse physical, behavioral, and cognitive effects caused by prenatal alcohol exposure (PAE; Chudley et al., 2005) . In the United States, the prevalence of FASD is estimated to be 2.5 to 4.3% (Roozen et al., 2016) , making it more prevalent than autism spectrum disorders (Christensen et al., 2016) . Fetal alcohol syndrome (FAS), which lies on the severe end of the spectrum, affects an estimated 6.7 per 1,000 individuals (Roozen et al., 2016) . Although a diagnosis of FAS requires the presence of facial dysmorphology (Del Campo and Jones, 2017) , PAE most profoundly affects brain development and consequent behavioral and cognitive abilities (Donald et al., 2015) .
Individuals across the spectrum of diagnoses subsumed under FASD have primary impairments in many behavioral and cognitive domains, including intellectual capacity, executive functioning, attention, learning, and memory (Mattson et al., 2011; Riley et al., 2011) . Children with FASD may exhibit impaired intellectual functioning (Dalen et al., 2009; Mattson et al., 1997) and demonstrate a generalized deficit in information processing and integration (Kodituwakku, 2009) . This results in greater difficulty with complex tasks, particularly those that place higher demands on executive functioning (Khoury et al., 2015; Kodituwakku, 2009; Mattson et al., 2011) . Children with FASD also show impairment in emotional processing (Greenbaum et al., 2009; Petrenko et al., 2017) , and parents report significantly more behavioral and emotional problems compared to IQ-matched controls (Greenbaum et al., 2009; Mattson and Riley, 2000) . As a result of these deficits, individuals with FASD experience increased rates of psychopathology, academic difficulties, trouble with the law, and substance use problems, negatively impacting their daily functioning and the well-being of their families and caregivers (Fryer et al., 2007; Mattson et al., 2011; Pei et al., 2011; Popova et al., 2011; Streissguth et al., 1996) .
Although cognitive and emotional development has been well described in individuals with FASD, there are other behavioral consequences of PAE that may further exacerbate cognitive and emotional functioning, such as altered stress reactions and sleep disturbances. Yet, these behaviors have not been well studied in the FASD population. Sleep quality, in particular, can be affected by PAE, and caregivers of children with FASD often report that their child has problems with sleep (Wengel et al., 2011) . Furthermore, animals exposed to alcohol in utero have demonstrated long-term disruption in circadian rhythmicity (Handa et al., 2007) . However, the effects of PAE on sleep quality and circadian rhythms have been understudied, and the possibility that sleep and circadian rhythm disturbances contribute to deficits in other domains in individuals with FASD has not been explored. This review will focus on the current state of research surrounding the relationship between PAE, sleep, and circadian rhythm in humans. The following sections also provide background information on typical sleep characteristics in infants and children, neurobehavioral consequences of sleep disruption, potential avenues for intervention, and future research directions.
SLEEP, CIRCADIAN RHYTHMS, AND CLOCK GENES
Although the true physiological function of sleep remains unknown, sleep appears to be a universal process across species (Dahl, 1996; Siegel, 2009) and is one of the many biochemical, physiological, and behavioral activities regulated by the circadian clock. The master circadian pacemaker, located in the suprachiasmatic nucleus (SCN) of the hypothalamus, has an endogenous periodicity of just over 24 hours, but is synchronized each day via environmental cues (e.g., light) to the 24-hour light-dark cycle of the earth (van Esseveldt et al., 2000) . Specific clock genes (i.e., Period [Per1, Per2, Per3]; Clock; Bmal1, Cryptochrome [Cry1, Cry2]) produce proteins that generate biological rhythms at the cellular level throughout the body, which are regulated by transcriptional-translational feedback loops that take approximately 24 hours to complete (Ko and Takahashi, 2006) . Environmental factors that alter the expression of these genes, such as alcohol, can have downstream effects on circadian functions, including sleep (Sarkar, 2012) .
Sleep is crucial to early brain development, and in the first 5 years of life, the average child spends more time asleep than in all waking activities combined (Dahl, 1996) . During this time, the sleep-wake cycle pattern changes considerably, with total sleep time decreasing gradually from infancy through childhood (Feinberg, 1974) . Newborn and infant sleep is classified into 3 stages: rapid eye movement (REM) sleep, previously termed active sleep; non-REM (NREM) sleep, previously termed quiet sleep; and transitional sleep, previously termed indeterminate sleep (Anders et al., 1971; Berry et al., 2015) . REM sleep is characterized by REMs, irregular respiration, irregular heart rate, low or absent muscle tone, and a range of involuntary motor behaviors (e.g., facial grimaces, clonic jaw jerks, muscle twitches, large athetoid limb movements). Defining features of NREM sleep are regular respiration and heart rate, chin muscle tone, and a lack of body and eye movements. Transitions between wake and sleep are classified as transitional sleep, when features of the sleep stage are discordant and do not fit the definition of REM or NREM sleep (Grigg-Damberger, 2016) .
As infants mature, the proportion of time spent in transitional sleep decreases. By 3 to 6 months of age, NREM sleep can be further differentiated into 3 different subtypes: N1, N2, and N3. These stages are defined by parameters measured via polysomnography, including electroencephalography (EEG), eye movements, and muscle tone (see Table 1 ; Iber et al., 2007) . Typical sleep architecture follows a 90-minute cycle, repeating 3 to 6 times throughout the night, with each cycle consisting of alternating stages of NREM and REM sleep (Iber et al., 2007) .
Measurement of Sleep and Circadian Rhythm
The gold standard of sleep measurement is polysomnography, which uses EEG to directly monitor electrophysiological activity. Electrodes are placed directly on the scalp and body and provide measurements of brain activation, eye movement, skeletal muscle activation, and heart rate (Markovich et al., 2014) . Actigraphy is another recommended method for detecting sleep quantity and circadian patterns, and is a less expensive, noninvasive alternative to polysomnography (Holley et al., 2009) . This technology uses a small accelerometer, generally in the form of a wristband, to detect movement. Movement data are sampled several times per second for up to several weeks and provide an objective and more ecologically valid measure of activity/inactivity and sleep/wake parameters (e.g., sleep onset latency, total sleep time, percent of time spent asleep, total wake time, percent of time spent awake, number of awakenings; AncoliIsrael et al., 2003) . Actigraphy can be used to evaluate sleep variability in insomnia, circadian rhythm sleep disorders, and treatment effects for sleep apnea and is also useful for studying populations for whom polysomnography would be impractical (Morgenthaler et al., 2007) . Previous studies have found that, although actigraphy has high sensitivity (i.e., ability to detect sleep), its specificity (i.e., ability to detect wake) is poor (Sadeh, 2011) . Actigraphy measurement is often coupled with self-report questionnaires or sleep logs to provide a more complete picture of sleep quality and disturbance (Morgenthaler et al., 2007) .
THE ROLE OF SLEEP IN BRAIN DEVELOPMENT
Before birth, the human fetus demonstrates 4 distinct behavioral states that reflect fetal nervous system activity. These behavioral states parallel the sleep-wake stages of infants and children, and are classified using fetal heart patterns, body movements, and eye movements into 4 states: quiet sleep (analogous to NREM), active sleep (analogous to REM), quiet wake, and active wake (Nijhuis et al., 1982) . To maintain a behavioral state, such as quiet/NREM sleep, neural integrity is required; thus, the stability and organization of behavioral states are used as a measure of neurophysiologic development, integrity, and maturity (Mulder et al., 1998) .
Research suggests that the emergence of sleep stages early in life may be indicative of brain maturation levels, and REM sleep, in particular, may further contribute to proper brain development (Mirmiran, 1995) . Newborn infants spend approximately two-thirds of the day asleep, about 8 hours of which is spent in REM sleep (Blumberg, 2010; Roffwarg et al., 1966) . One overarching theory is that the formation of mature neural circuitry is activity dependent, such that early sensory experience directs the developmental course of the nervous system (Marks et al., 1995) . In animals, the formation of neural circuity in the visual, auditory, and somatosensory systems is activity dependent (Masino and Knudsen, 1990; Nicolelis et al., 1991; Simons and Land, 1987; Uhlrich et al., 1988) , and deprivation of sensory input can affect neuronal morphology, connectivity, and synaptic density (Fox and Wong, 2005; Masino and Knudsen, 1990) . Likewise, it has been hypothesized that the neural stimulation arising from REM sleep may provide adjunct afferent input that guides the course of neural development and shapes synaptic connectivity, particularly during the time in which exogenous activation (i.e., wakefulness) is limited (e.g., in utero; Marks et al., 1995; Mirmiran, 1995; Roffwarg et al., 1966; Shaffery et al., 2002) . Furthermore, studies suggest that the neuronal activity generated during REM sleep is important to the synaptic changes that occur during memory consolidation (Shaffery et al., 2002) .
Empirical tests of this hypothesis in newborn cats and ferrets have found that brainstem-generated pontogeniculo-occipital waves that occur during REM sleep are instrumental in the neural differentiation and development of the lateral geniculate nucleus, which transmits visual information from the retina to the visual cortex Adrien, 1984, 1987; Davenne et al., 1989; Meister et al., 1991; Penn and Shatz, 1999; Wong et al., 1993) . Furthermore, rat pups deprived of REM sleep demonstrate slowed development of the visual cortex, prolonging its immature, plastic state (Shaffery et al., 2002) . Although these effects are difficult to study in humans, infants with more mature neonatal sleep patterns during the first 2 days of life score higher on measures of mental development at 6 months of age (Freudigman and Thoman, 1993; Gertner et al., 2002) . Additionally, evidence suggests that specific sleep stages and patterning are related to the processing of different types of learning and memory (Stickgold and Walker, 2007) . For example, NREM slow-wave sleep (i.e., N3) has been associated with consolidation of nonemotional declarative memories, whereas REM sleep is important to emotional memory consolidation (Backhaus et al., 2008; Spencer et al., 2017) , and NREM N2 plays a role in motor and procedural memory (Barakat et al., 2011) . Disrupted sleep cycle organization has also been related to impaired recall of verbal material (Ficca et al., 2000) . The specific mechanisms underlying these complex relationships remain unclear, and it is likely that there is a bidirectional interaction between sleep quality and disrupted neural activity. Nevertheless, evidence suggests that early sleep characteristics are not only important to neurodevelopment, but may also be predictive of later neurobehavioral function. Thus, the effects of sleep disruption can be far-reaching, to the extent that poor sleep may further impact neural organization and behavioral outcome in individuals with PAE.
ALCOHOL, CIRCADIAN RHYTHMS, AND SLEEP

Developmental Alcohol Exposure and Circadian Rhythm
Both human and animal studies have shown that behavioral, endocrinological, and immunological processes regulated by circadian rhythm are also disrupted by acute alcohol intake (Arjona et al., 2006; Chen et al., 2006; Danel et al., 2009; Devaney et al., 2003; Sarkar, 2012) . Developmental alcohol exposure appears to have similar negative consequences on circadian rhythmicity, potentially via alcoholinduced damage to the SCN. Normal function of the SCN is critical to the coordination of other internal physiological processes with the sleep-wake cycle, and dysfunction of the SCN has the potential to disrupt sleep and other physiological outcomes (Handa et al., 2007) . Earnest and colleagues (2001) posited that developmental alcohol-induced damage to the SCN likely would not completely disrupt circadian rhythmicity, but would cause more subtle changes, leading to permanently reduced rhythm amplitude, circadian period alterations, and reduced SCN response to light entrainment. Indeed, developmental exposure to ethanol (EtOH) in rats has been found to produce changes to the endogenous rhythmicity of the SCN circadian clock that persist into adulthood, as well as alterations in the rat clock genes Per1, Per2, and Per3 Chen et al., 2006; Farnell et al., 2008; Rojas et al., 1999) . These genes are involved in circadian control, and such alterations may be a biomarker of poor coordination of phase shifts in response to a changing light-dark signal (Chen et al., 2006) . In fact, animal studies have shown that developmental alcohol exposure permanently alters phase-shifting responses to light (Farnell et al., 2004) , and both deep body temperature and activity levels take longer to synchronize to changes in the light-dark cycle (Sakata-Haga et al., 2006; Sei et al., 2003) . In a rodent model, late gestational alcohol exposure reduces SCN brainderived neurotrophic factor , and fetal EtOH exposure was found to affect SCN function, serotonin function, and melatonin release, all 3 of which are crucial to inducing and regulating sleep (Cajochen et al., 2003; Chen et al., 2006; Weinberg et al., 2008) .
Disruptions in the circadian system may also be related to deficits in neuropsychological performance and social functioning, as well as mood dysregulation and affective disorders (Barnard and Nolan, 2008; Gruber et al., 2000; Ichikawa et al., 1993; McClung, 2007; Nestler et al., 2002) , some of which are seen in individuals with FASD. Therefore, circadian rhythm disruption may further contribute to impairments in cognition and behavior in individuals affected by PAE (Sakata-Haga et al., 2006) . Furthermore, these alterations in circadian rhythm appear to persist into adulthood in the animal model; thus, the disruption of circadian rhythm could be a useful long-term biological marker of PAE.
PAE and Sleep
The effects of PAE on sleep have primarily been investigated in infants, although a few studies have examined sleep during gestation, as well as childhood. These studies have found abnormalities in several general areas, including behavioral state organization (i.e., the proportion and sequencing of different sleep-wake stages), sleep patterns, brain activity as measured by EEG, and sleep movements. See Table 2 for a summary of findings.
Behavioral State Organization and Sleep Pattern. PAE affects the development of numerous neuronal networks, consequently altering state regulation and brain activity (Scher et al., 2000) . Mulder and colleagues (1998) examined the effects of acute maternal alcohol intake on fetal behavioral states between weeks 37 and 40 of gestation using ultrasound. As pregnant mothers consumed 2 glasses of wine, ultrasound scanners measured changes in fetal heart rate, eye movements, breathing movements, and body movements. Results showed that acute intoxication caused immediate disruption of behavioral state organization in the fetus, especially active/REM sleep, and also suppressed fetal breathing and eye movements. Given the importance of REM sleep for normal brain development, the immediate alteration to fetal REM sleep during alcohol intake may contribute to later central nervous system dysfunction in infants with PAE (Mulder et al., 1998) .
Sleep disruption during infancy was among the first problems investigated in newborns with PAE, shortly after FAS was characterized by Jones and Smith (1975) . In a small (n = 12) study examining infants on the third day of life, Sander and colleagues (1977) found that the patterning of sleep stages was abnormal, especially in infants with heavy PAE. These infants had difficulty reaching a NREM episode without waking first, exhibited more arousals during both REM and NREM sleep, and had fewer intact REM/NREM cycles, compared to controls. Havlicek and colleagues (1977) also found that infants born to alcoholic mothers had difficulty reaching quiet/NREM sleep, and awoke more easily. As a follow-up to Sander and colleagues' (1977) study, Rosett and colleagues (1979) monitored sleep and wake states for 24 hours in a sample of 3-day-old infants and found that infants with heavy PAE had more frequent arousals, particularly NREM sleep interrupted by transitional sleep. An increase in the number of transitional sleep periods (i.e., when features of the sleep stage are inconsistent with the definition of either REM or NREM sleep), increased time awake, and increased time to complete a full sleep cycle have also been more recently reported (Scher et al., 2000) . Furthermore, the greater the quantity of alcohol consumed during the third trimester, the less time the infant spent sleeping (Rosett et al., 1979) .
Other studies suggest that sleep fragmentation (i.e., sleep disruption due to arousals or awakening), as opposed to sleep-wake state organization (i.e., the proportion and sequencing of sleep stages), may be a better indicator of prenatal substance exposure. Hanft and colleagues (2006) demonstrated that infants of substance-abusing mothers, compared to nonexposed controls, spent less total time asleep, and their longest sleep period was significantly shorter. However, the groups did not differ in the proportion of other sleep-wake variables (i.e., active sleep %, quiet sleep %, awake %, number of nighttime awakenings), suggesting that in utero exposure to substances may not always affect overarching organization and proportion of sleep-wake states. Although it is unclear whether these effects were specific to PAE, the results from this study are consistent with the findings from Rosett and colleagues (1979) and Sander and colleagues (1977) , in that infants prenatally exposed to 
Cross-sectional N = 70 newborn infants n = 17 alcohol-exposed n = 17 alcohol-matched controls n = 18 smoking-exposed n = 18 smoking-matched controls EEG recordings of 90 to 120 minutes at 3 days old, spectral analysis of EEG Infants of alcoholic mothers had significantly greater EEG power (i.e., hypersynchrony) in quiet, indeterminate, and REM sleep. EEG power did not differ between infants of smokers and controls
Goril and colleagues (2016)
Cross-sectional N = 36 children with FASD, 6 to 18 years old Polysomnography, dim light melatonin onset test, clinical interview 78% of sample had significant sleep disturbance (e.g., low sleep efficiency, increased sleep fragmentation). 58% were diagnosed with a sleep disorder, and 79% had an abnormal melatonin secretion curve Hanft and colleagues (2006) Longitudinal N = 34 infants n = 17 substance-exposed infants n = 17 age-matched nonexposed infants Time-lapse videosomnography at 1, 3, 6, 9, and 12 months of age No group differences in proportion of sleep stages. Substance-exposed infants had significantly shorter "Longest Sleep Period" at 6 months, and shorter "Total Sleep Time" at 3, 6, and 12 months Havlicek and colleagues (1977) Cross-sectional N = 52 infants n = 26 babies of alcoholic mothers n = 26 babies of healthy mothers EEG recordings of 90 to 120 minutes in infants 38 to 42 weeks postconceptional age Infants of alcoholic mothers demonstrated significantly higher EEG power in quiet, indeterminate, and REM sleep; 150 to 200% higher than that of controls Ioffe and Chernick (1988) Cross-sectional N = 441 neonates born to mothers who drank varying amounts of alcohol during pregnancy n = 134 abstainers n = 103 occasional drinkers n = 64 moderate drinkers n = 59 binge drinkers n = 81 alcoholics EEG studies during spontaneous sleep in infants 36 to 48 hours of age, at 30 to 40 weeks' gestation Infants of occasional drinkers and alcoholic mothers showed elevated total power of EEG across gestational age. EEG maturation was abnormal in alcohol-exposed infants and was most affected in infants of binge drinking mothers Ioffe and Chernick (1990) Longitudinal N = 38 infants with varying levels of alcohol exposure EEG sleep study at 40 weeks' postconceptional age; Bayley developmental assessment at 6 weeks to 9 months of age; Subset given a McCarthy developmental assessment between 4 and 7 years old Alcohol-exposed infants had significantly increased EEG power and lower motor and mental Bayley test scores, compared to controls. Increased EEG power during REM was correlated with worse motor development scores, and increased power during quiet sleep was correlated with worse mental development scores Ioffe and colleagues (1984) Cross-sectional N = 42 infants, prospectively identified n = 11 preterm infants with heavy PAE (>2 oz alcohol/d) n = 11 control infants with minimal exposure (<1 oz alcohol on any occasion) n = 10 nonexposed preterm infants n = 10 controls matched to healthy preterm sample EEG sleep study at 30 to 40 weeks' postconceptional age (i.e., age 1 to 3 days for controls; age 4 to 6 weeks for preterm) Alcohol-exposed preterm infants demonstrated increased EEG power in quiet, indeterminate, and REM sleep, compared to controls. Healthy preterm infants did not differ from their control group. Effect of alcohol on EEG is not related to preterm birth or acute alcohol withdrawal Continued. Scale for Children PAE was associated with decreased sleep efficiency. Alcohol-exposed children had significantly greater odds of short sleep duration (2.9-fold) and low sleep efficiency (3.6-fold) Rosett and colleagues (1979) Cross-sectional N = 31 3-day-old infants: n = 14 heavy-drinking mothers n = 8 heavy-drinking mothers who abstained/ drank moderately during 3rd trimester n = 9 abstinent mothers 24-hour bassinet sleep monitor No group differences in proportion of sleep stages; infants with heavy-drinking mothers slept less, had poorer sleep quality, more restlessness, and more frequent arousals during NREM sleep Sander and colleagues (1977) Cross-sectional N = 12 3-day-old infants: n = 4 heavy-drinking mothers n = 4 heavy-drinking mothers who abstained/ drank moderately during 3rd trimester n = 4 abstinent mothers 24-hour bassinet sleep monitor; standard sleep polygraphy Abnormal patterning of sleep stages in alcohol-exposed infants; difficulty reaching NREM sleep, more arousals during REM/NREM sleep, fewer intact sleep cycles Scher and colleagues (1988) Cross-sectional N = 55 alcohol-or marijuanaexposed infants n = 18 alcohol-exposed during 1st trimester n = 13 nonalcohol-exposed during 1st trimester 
Prospective longitudinal N = 71 infants n = 37 cocaine-exposed n = 34 non-cocaine-exposed EEG sleep study at 24 to 36 hours old, and at 1 year old Alcohol use during pregnancy predicted greater levels of wakefulness at birth and increased spectral power at higher EEG frequencies. Alcohol-exposed infants took longer to complete a sleep cycle
Troese and colleagues
Cross-sectional N = 13 mothers and their 6-to 8-week-old infants Naps recorded via EEG, videography, actigraphy High PAE group had increased sleep fragmentation and decreased REM sleep; suppressed spontaneous movements during sleep
Wengel and colleagues (2011)
Cross-sectional N = 31 children, 3 to 6 years old n = 19 with FASD n = 12 nonexposed controls Actigraphy, sleep log, CSHQ, Sensory Profile FASD group took longer to fall asleep, but no differences on other actigraphy variables.
Parents reported more sleep problems in FASD group (e.g., increased bedtime resistance, sleep anxiety, night awakenings, parasomnias, and shorter sleep duration)
CSHQ, Children's Sleep Habits Questionnaire (Owens et al., 2000b) ; EEG, electroencephalography; FAS, fetal alcohol syndrome; FASD, fetal alcohol spectrum disorders; PAE, prenatal alcohol exposure; REM, rapid eye movement; NREM, nonrapid eye movement; ADHD, attention-deficit/hyperactivity disorder.
alcohol sleep less overall and experience more arousals during sleep than nonexposed infants.
Abnormal EEG. Studies of EEG in newborns and infants prenatally exposed to alcohol have also uncovered abnormalities in brain activity during sleep. Many of these studies have examined the EEG power spectrum: a measure derived from brain waves via Fourier transform that represents the distribution of frequencies that compose the EEG signal. Across studies, infants prenatally exposed to alcohol demonstrate increased spectral power of the EEG during sleep, which is exhibited at alpha, beta, delta, and theta frequencies, and may appear visually as a higher amplitude waveform (i.e., hypersynchrony; Chernick et al., 1983; Havlicek et al., 1977; Scher et al., 2000) .
Havlicek and colleagues (1977) first described the power spectrum characteristics of quiet/NREM, active/REM, and indeterminate sleep in infants born to alcoholic mothers. EEG power was increased in most frequency bands by an average of 150 to 200%, compared to controls, in all 3 stages of sleep, with the greatest increase in active sleep. Furthermore, alcohol-exposed infants did not demonstrate any difference in power between REM and NREM sleep for any frequency band, except theta. However, controls demonstrated significantly lower power in all frequency bands during REM sleep, compared to NREM sleep. Havlicek and colleagues (1975) suggest the lack of a NREM-REM power spectrum difference is an indicator of delayed EEG maturation, as this finding was also observed in infants who were born prematurely. Ioffe and Chernick (1988) also demonstrated that alcohol exposure affects the maturation of neonatal EEG, and elevated power is observed during infant REM and NREM sleep as early as 30 weeks' gestational age, up through 40 weeks' gestational age. These EEG changes persist postnatally up to 6 weeks of age, providing evidence that this abnormality is not due to acute alcohol withdrawal (Ioffe et al., 1984) . Furthermore, increased EEG power appears to be a specific effect of alcohol and is not associated with maternal smoking (Chernick et al., 1983) .
Increased power of the EEG is correlated with problems in motor and mental development later in life Chernick, 1988, 1990) . Such EEG sleep disturbances are also present in infants with PAE who do not meet criteria for FAS (Scher et al., 1988) and further support findings of altered neonatal state regulation in the FASD population. One caveat is that skull thickness demonstrates a weak, but significant, inverse relationship with EEG topography (Hagemann et al., 2008) . Given that PAE affects fetal bone development, and that animal models of FASD have found reduced bone volume in the skull (Birch et al., 2015; Shen et al., 2013) , it is possible that such increased EEG power could be partially related to decreased skull thickness. However, as mentioned above, Havlicek and colleagues (1977) found no NREM-REM power spectrum difference in the alcohol-exposed group, whereas controls exhibited significantly lower power in REM compared to NREM. If the observed increase in EEG power was solely related to reduced skull thickness in the alcohol-exposed infants, one would expect the NREM-REM power difference to persist in the alcohol-exposed group. Thus, the observed findings are likely indicative of altered brain activity during sleep in the alcohol-exposed group.
Sleep Movement. PAE affects sleep movements both in utero and in infancy. Fetal breathing movements during sleep are suppressed by acute alcohol intake (Mulder et al., 1998) , and major body movements, indicative of restlessness, are more frequent during sleep in prenatally exposed newborns (Rosett et al., 1979; Scher et al., 1988 Scher et al., , 1996 . On the other hand, 6-to 8-week-old infants with PAE exhibited suppressed sleep-related spontaneous motor movements (Troese et al., 2008) . Sleep-related spontaneous motor movements are important to maintaining cardio-respiratory tone during sleep; such movements are independent of major body movements, which are related to arousals and restlessness. Furthermore, the suppression of sleep-related spontaneous motor movements has been associated with chronic sleep deprivation and increases in obstructive sleep apnea (Franco et al., 2000; Troese et al., 2008) .
Summary. The effects of alcohol exposure are immediately observable in the developing fetus as a disruption of behavioral state organization and reduced eye and breathing movements. PAE is associated with poorer sleep quality and sleep fragmentation, and exposed infants demonstrate symptoms of sleep debt, such as irritability and decreased alertness (Scher et al., 1988; Troese et al., 2008) . Changes in EEG are evident at birth, and while it is possible that these effects are due to alcohol withdrawal, such alterations persist at 4 to 6 weeks old (Ioffe et al., 1984) . Sleep fragmentation has also been reported at 6 to 8 weeks of age (Troese et al., 2008) . These findings suggest that the EEG and sleep abnormalities observed in alcohol-exposed infants are not a primary consequence of acute withdrawal from alcohol. Indeed, Scher and colleagues (1988) also noted that EEG sleep disturbances were present in infants with moderate alcohol exposure, none of whom displayed any clinical withdrawal states. However, a major limitation to many of these studies is that longitudinal data during the first years of life have not been collected to determine how sleep changes during early development in infants/toddlers with FASD. It remains unknown how persistent sleep disturbance is in the context of alcohol-exposed brain maturation and development; nonetheless, in nonexposed preterm infants, similar disruptions in sleep state organization and motor activity are reflective of altered brain development (Scher et al., 1996) . The findings from alcohol-exposed infants offer important insight regarding potential etiologies of the sleep problems observed later in childhood. See Fig. 1 for a proposed model of the effects of PAE on sleep disturbance.
Sleep in Children With PAE
Sleep is a complex neurologic function; thus, it is not surprising that sleep difficulties are a prevalent problem in children with neurodevelopmental disabilities, including children with FASD . Consequently, caregivers of children with FASD often report that their child has problems with sleep, and sleep abnormalities are one of the most common comorbidities with FASD, along with intellectual disability and attention-deficit/hyperactivity disorder (ADHD) (Rasmussen et al., 2010; Wengel et al., 2011) . These sleep disturbances are considered similar to the sleep difficulties experienced by children with other forms of cognitive loss and brain disturbance, rather than being specific to a particular diagnosis (Jan et al., 2010) . However, there are limited data characterizing sleep patterns in this population and the prevalence of sleep disorders in FASD is currently unknown.
In an effort to help stimulate research in this area, Jan and colleagues (2010) presented anecdotal evidence from their clinical experience with children with FASD and sleep disturbance. They reported that the sleep disturbance described by caregivers of children with FASD tends to include difficulties falling asleep, frequent awakenings during the night, and early morning awakenings. These symptoms mirror the first diagnostic criterion of insomnia disorder (American Psychiatric Association, 2013), but could also be the result of abnormal melatonin production/secretion, reflecting disturbance of the sleep-wake centers in the SCN and hypothalamus. Two studies utilizing a parent-report sleep screener, the Children's Sleep Habits Questionnaire (CSHQ; Owens et al., 2000b) , found that 3-to 12-year-old children with FASD had significantly more problems with sleep onset latency, sleep duration, and night awakenings, compared to controls. The FASD group also had greater bedtime resistance, sleep anxiety, and prevalence of parasomnias (i.e., bedwetting, sleep talking, and night terrors; Chen et al., 2012; Wengel et al., 2011) .
Actigraphy data in this population are limited. In a study conducted by Wengel and colleagues (2011) , 3-to 6-yearolds with PAE exhibited significantly longer sleep onset latency, although there were no differences from controls in total activity, sleep efficiency, sleep percent, sleep time, or number of wake bouts. However, the small sample size (n = 31; 19 alcohol-exposed) rendered this an underpowered study, and potential differences may not have been detectable. In contrast, a much larger actigraphy study (n = 289; 51 alcohol-exposed) in 8-year-olds reported that PAE was associated with a significant increase in the odds of having shorter sleep duration and lower sleep efficiency (Pesonen et al., 2009) .
Only 2 studies have examined sleep in children with FASD using a multidimensional assessment, consisting of polysomnography in conjunction with caregiver questionnaires. Chen and colleagues (2012) sought to establish a profile of sleep problems in children with PAE. Their sample consisted of 33 children aged 4 to 12 years with a diagnosis on the fetal alcohol spectrum whose sleep habits were assessed using the CSHQ (Owens et al., 2000b) ; a small subsample was referred to participate in polysomnography. Caregivers of children with PAE reported that their child had a significantly greater number of sleep problems, and 85% of children in the FASD group scored above the CSHQ clinical cutoff for sleep dysfunction, compared to only 30% of the community sample comparison group. Children with FASD also slept an hour less each night, on average. Only 5 children in the sample completed polysomnography. These data were compared to published normative data from typically developing children, and there were no statistically significant group differences. However, the FASD group did demonstrate an elevated total arousal index, indicative of fragmented sleep. All 5 children in this sample also had mild sleep disordered breathing; the median apnea hypopnea index (AHI), used to indicate severity of sleep apnea, was more than 2 standard deviations above the reported mean AHI in community sample data. Importantly, craniofacial abnormalities observed in some individuals with FASD can include narrowed upper airways, which may contribute to increased likelihood of disordered breathing during sleep (Usowicz et al., 1986) . Additionally, animals with PAE demonstrate a blunted respiratory response to low oxygen (Dubois et al., 2008) . Either of these abnormalities have the potential to contribute to sleep disordered breathing, and consequently, increase the frequency of cortical arousal during sleep (Chen et al., 2012) .
Goril and colleagues (2016) also collected polysomnography data in addition to melatonin levels from a larger sample of children and adolescents (6 to 18 years old) with PAE (n = 36). Compared to normative data, children with FASD demonstrated lower than normal sleep efficiency (i.e., ratio of total amount of time spent asleep to the total amount of time spent in bed) and increased sleep fragmentation. Additionally, 58% of children met criteria for at least 1 sleep disorder, as defined by the International Classification of Sleep Disorders, Third Edition (American Academy of Sleep Medicine, 2014). The most common diagnoses were parasomnias (19.5% NREM parasomnia, 5.6% REM parasomnia, 2.8% both NREM and REM parasomnia) and insomnia (16.7%), although others included sleep apnea (5.6%) and nocturnal enuresis (2.8%). In addition, the majority of participants (79%) had an abnormal melatonin profile that was either delayed (17%), advanced (8%), or abnormal but not clearly classifiable (54%). Abnormal melatonin secretion profiles are consistent with the disruption in sleep patterns observed clinically (Jan et al., 2010) . Children with bilateral brain damage or other forms of severe cognitive loss frequently experience symptoms associated with circadian rhythm sleep disorders due to abnormal melatonin production and/or secretion, which may be a result of disrupted input from the cerebral cortex to the SCN (Jan et al., 2010; Saper et al., 2005) . Considering the widespread brain damage caused by PAE and the complexity of sleep as a neurological function, it is not surprising that children with FASD experience greater rates of sleep problems related to chronic altered circadian rhythm and melatonin production.
NEUROCOGNITIVE AND BEHAVIORAL CORRELATES OF SLEEP DISRUPTION
In adults, sleep deprivation is associated with impaired cognitive functioning, particularly on complex tasks that involve the prefrontal cortex, such as higher levels of executive function, cognitive processing, language skills, attention, and working memory . In pediatric populations, sleep difficulties are closely related to poor daytime functioning (Kheirandish and Gozal, 2006) and may negatively affect emotion regulation, interpersonal relationships, academic performance, and cognitive skills (Markovich et al., 2014; Vriend et al., 2013) . Impaired sleep in children is associated with behavioral problems, including hyperactivity, aggressiveness, inattentiveness, impulsivity, depression, and other mood disorders (Jan et al., 2010; Owens, 2009; Stepanski, 2002) . Pediatric sleep disturbance is related to deficits in verbal fluency, abstract and deductive reasoning, planning, flexibility, inhibition, problem solving, attention, vigilance, memory formation, and motor skills (Jan et al., 2010; Kheirandish and Gozal, 2006; Maski and Kothare, 2013) . Moreover, evidence suggests that the effects of sleep disruption may be more severe in children with developmental disabilities (Ingrassia and Turk, 2005) : Disturbed sleep is associated with increased behavioral symptoms, particularly hyperactivity, disorganization, and oppositionality Wengel et al., 2011) .
The extent to which sleep disturbance moderates or mediates other behavioral outcomes in individuals with FASD is currently unknown. Sleep fragmentation, alone, may influence neurobehavioral performance. For example, typically developing children with fragmented sleep perform worse on neurobehavioral tasks related to higher executive control, such as sustained attention and behavioral inhibition; however, they are not affected on simple tasks of motor speed, working memory, or reaction time . Similarly, obstructive sleep apnea (which also causes sleep fragmentation) may contribute to daytime sleepiness (Carroll et al., 1995) and neurobehavioral deficits in attention, memory, concentration, and academic achievement (Gozal, 1998) . Children with obstructive sleep apnea demonstrate significantly lower IQ scores, compared to controls (Blunden et al., 2000) , and verbal abilities and overall language scores are also adversely affected (Kheirandish and Gozal, 2006) . Importantly, Owens and colleagues (2000a) found that children with obstructive sleep apnea demonstrated modest impairments in executive functioning, attention, and motor skills. However, after treatment of obstructive sleep apnea, children show significant improvements in daytime sleepiness, symptoms of ADHD, internalizing behaviors, and quality of life (Marcus et al., 2012) . These data suggest that reducing sleep apnea improves functioning on a number of behavioral domains.
Unfortunately, the conclusions drawn from the majority of these studies are limited by the cross-sectional nature of the data, and the complex relationship between sleep disruption and neurobehavioral functioning. In light of the challenges of appropriate experimental design and complexities in data interpretation, no studies, to our knowledge, have examined the extent to which sleep disturbance is related to neurobehavioral outcomes in children with FASD. One study of developmental EtOH exposure in mice found that the exposed mice demonstrated severe sleep fragmentation and reduced slow-wave sleep, which were significantly correlated with memory impairment (Wilson et al., 2016) . Children with FASD demonstrate particular deficits in executive functioning (i.e., planning, response inhibition, abstract thinking, cognitive flexibility), attention, language development, processing speed, learning, and memory. Based on the findings from adult and pediatric populations, we hypothesize that sleep disturbance would be associated with greater impairment in attention, memory processes, and executive function in this population. However, it is possible that PAE negatively affects both sleep quality and neurobehavioral functioning separately, and while these 2 outcomes may demonstrate a relationship, determination of causality must be examined in the context of a longitudinal study with a sleep disorder treatment component. Nonetheless, considering the wide range of cognitive deficits and behavioral problems present in populations with FASD, the possibility remains that cognitive and behavioral consequences of PAE are exacerbated by sleep deficits (Volgin and Kubin, 2012) . Thus, further examination of these relationships and subsequent exploration of sleep disturbance as a potential moderator or mediator of neurobehavioral outcomes is crucial.
POSTNATAL ENVIRONMENTAL FACTORS
In addition to the insult that alcohol exerts on the fetal brain, postnatal environmental factors also contribute to the cognitive and behavioral outcomes of children with PAE. These children are often affected by adverse environmental circumstances, such as living with a parent who abuses alcohol, neglect, physical or emotional abuse, removal from the home, transient or long-term foster care placement, and/or being raised by an adoptive family (Streissguth et al., 2004) .
Stressors in the home environment may expose the infant to excessive arousal, compromising the development of selfregulation skills (Vig et al., 2005) . Symptoms of posttraumatic stress disorder can also include sleep disturbance, such as nightmares or night terrors. Thus, inability to establish a regular pattern of sleep and disorders of regulation, which are common in children in foster care, might also be expected in many alcohol-exposed children.
In epidemiologic studies of FASD, mothers of alcoholexposed children consistently have lower education, higher rates of unemployment, and lower overall socioeconomic status (SES), compared to controls (May and Gossage, 2011) . Low SES has also been associated with greater sleep problems (Buckhalt et al., 2007) . This may be due to a multitude of factors, including chronic stress due to lack of resources, overcrowded living spaces, and inadequate temperature control in the bedroom (Williams, 1999) . Poor health outcomes, such as asthma and obesity, are more common due to lack of access to adequate healthcare in lower SES groups. Both these conditions are risk factors for sleep disordered breathing. Thus, a child with PAE who comes from a low SES background may be at greater risk of having poor sleep quality.
Attachment style, which is shaped early in infancy via interactions with the caregiver, develops at a similar time to sleep regulation, and there is evidence to suggest that these 2 constructs exhibit a bidirectional relationship (Adams et al., 2014) . Secure attachment style, which is generally thought to be fostered by consistent, sensitive, and responsive mothering, is associated with better sleep quality; insecure attachment is more likely to occur in children whose caregivers engage in neglectful or abusive parenting and is associated with poorer sleep (Adams et al., 2014) . Considering the environmental risk factors associated with PAE, it is not surprising that children with PAE demonstrate higher levels of insecure attachment (O'Connor et al., 2002) . Furthermore, Adams and colleagues (2014) posit that caregiving style plays a role in the development of sleep patterns, which is regulated by complex interactions between circadian, homeostatic, and environmental factors (Davis et al., 2004) . Thus, inconsistent caregiving style and subsequent attachment behaviors also may be a potential source of sleep disturbance and behavioral dysregulation in children with PAE. It is likely that environmental factors, such as unpredictable caregiving style, limited exposure to behavioral routines early in life, low SES, and high levels of anxiety (Buckhalt et al., 2007; Vig et al., 2005) interact with neurobiological vulnerability to produce the sleep disturbances observed in this population.
INTERVENTIONS
When a child with FASD is sleep deprived, intervention services may be less effective or ineffective (Jan et al., 2010 ). Yet, sleep problems in individuals with FASD are often not appropriately identified or treated. Ipsiroglu and colleagues (2013) used qualitative interviews and comprehensive clinical sleep assessments to investigate reasons why sleep problems often go undiagnosed and untreated in children with FASD. Children ages 2 to 15 (n = 27) and their parents participated in comprehensive clinical sleep assessments that addressed the importance of sleep and how sleep problems affected the child's well-being and the entire family's quality of life. However, healthcare providers often missed relevant information about these sleep problems, or attributed the problems to other causes, preventing proper identification and, therefore, treatment of sleep disorders. Additionally, in the majority of children assessed for the study (74%), symptoms were treated with prescription sleep medication prior to being evaluated with a relevant sleep disorder screening or diagnostic questionnaire. FASD standard-of-care guidelines do not address how to assess for sleep disorders, nor do the usual diagnostic measures encompass screening for sleep problems, resulting in a lack of information in this important area and a tendency to defer to pharmaceutical treatment (Ipsiroglu et al., 2013) .
The limited research findings on sleep disturbance in children with FASD indicate that future interventions should target fragmented sleep, decreased slow-wave sleep, and circadian rhythm sleep disorders. Given the high rate of ADHD in alcohol-exposed children, we may also obtain important insight regarding the best avenues for intervention by examining assessment and treatment of similar sleep problems in children with ADHD. It is estimated that up to 50% of children with ADHD have sleep disturbance (Corkum et al., 1998) ; difficulty initiating sleep (i.e., bedtime resistance, delayed sleep onset) and maintaining sleep (i.e., sleep fragmentation) are especially problematic, both of which mirror the findings from the limited literature on sleep in children with FASD. While randomized controlled trials of pharmacological and nonpharmacological interventions for sleep disturbance in ADHD are still limited, results are promising for the efficacy of behavioral sleep interventions (e.g., bedtime routines, sleep environment modification, behavior reinforcement strategies) in improving sleep quality (Corkum et al., 2016; Hiscock et al., 2015; Keshavarzi et al., 2014) . Importantly, these interventions also improved behavior, psychosocial health, and quality of life and had a lasting positive impact on sleep at 6-month follow-up.
Sleep hygiene is a behavioral technique that involves sleep scheduling, improved sleep environment, and sleep-promoting practices. In addition to demonstrating efficacy as an intervention in ADHD, sleep hygiene has also been shown to be an effective intervention in children with autism spectrum disorders who experience sleep problems (Cohen et al., 2014; Weiskop et al., 2005) . Jan and colleagues (2010) emphasize that it is essential for sleep hygiene practices to be tailored to the individual child according to their cognitive and health needs. Even still, this type of intervention may be unsuccessful due to a child's impaired understanding of environmental cues used to promote sleep. Jan and colleagues (2010) suggest minimizing stimuli at night; this can be accomplished with earplugs or white noise machines, dimming lights and removing clutter, and removing tags from pajamas and blankets to avoid sensory distractors. Sleep scheduling involves enforcing rules, structure, routine, and consistency, particularly for bedtime and wake-up time, even on weekends. Preparing for sleep is also important, and calming behaviors and wind-down rituals can aid in promoting sleep, while physical behaviors, screen time, and caffeine should be avoided to minimize alertness and delayed sleep onset (Jan et al., 2010) .
Melatonin therapy, in conjunction with sleep hygiene techniques, could also help to establish sleep scheduling (Jan et al., 2010) . Melatonin may decrease sleep onset latency and increase total sleep time, but its effectiveness depends on the type of sleep disturbance, environmental factors, and other medical conditions (Cohen et al., 2014) . In clinical trials of melatonin treatment in children with autism spectrum disorders, melatonin therapy was associated with improved sleep outcomes (e.g., sleep onset latency, sleep duration), as well as improvement in internalizing problems and behavioral problems (e.g., depression, anxiety, withdrawal, aggression, social), stereotyped and compulsive behaviors, and parenting stress (Garstang and Wallis, 2006; Giannotti et al., 2006; Malow et al., 2012; Paavonen et al., 2003; Tordjman et al., 2013; Wasdell et al., 2008; Wright et al., 2011) . Melatonin has also been shown to reduce sleep onset difficulties in children with ADHD (van der Heijden et al., 2007; Tjon Pian Gi et al., 2003; Weiss et al., 2006) . However, melatonin is not a regulated drug in the United States. Rather, melatonin is classified as a dietary supplement; therefore, its use has not been evaluated for safety in children, nor is it subject to the same standards of purity as pharmaceuticals. Melatonin has the potential to interact with enzymes important for metabolizing a variety of prescription drugs (e.g., selective serotonin reuptake inhibitors), and animal studies have demonstrated that melatonin modulates the rhythms of the reproductive, cardiovascular, immune, and metabolic systems (Dubocovich and Markowska, 2005; Dubocovich et al., 2010; Kennaway, 2015) . Furthermore, there is a lack of evidence that melatonin is safe for long-term use, particularly with pediatric populations. Alternatively, light therapy can be used to advance or delay the sleep phase and is another intervention that has demonstrated effectiveness for children with autism spectrum disorders who have circadian sleep disorders (Cohen et al., 2014) . Considering the associations of FASD behaviors with sleep disturbance, there is a great need for future research studies that examine the most effective interventions targeting sleep problems in children with FASD.
CONCLUSION
Although there have been a limited number of studies examining sleep disturbance in individuals with PAE, sleep problems may be a pervasive issue that impact the quality of life of affected children and their caregivers. The effects of alcohol on fetal sleep-wake states and eye movements are immediately apparent, and for infants with PAE, these abnormalities persist in the form of sleep fragmentation, decreased REM sleep, and reduced total sleep time. Furthermore, alcohol-exposed infants demonstrate symptoms of sleep deprivation, particularly decreased alertness and increased irritability. In childhood, PAE is associated with a greater likelihood of having shorter sleep duration and poor sleep efficiency, as well as sleep fragmentation, mild sleep disordered breathing, and melatonin secretion abnormalities. Additionally, environmental stressors that often accompany PAE, such as inconsistent caregiving, child abuse, and removal from the home, are related to increased sleep problems. Sleep disturbance may be one of the most common comorbidities with PAE, although healthcare providers often fail to properly assess for sleep disorders. Consequently, sleep disorders frequently go undiagnosed and untreated, which may affect individuals' well-being in a variety of domains.
The mechanisms underlying the effects of PAE on sleep have not been widely examined. Animal studies have shown that the circadian function of neurons in the hypothalamus and clock mechanism of the SCN are significantly altered by PAE (Chen et al., 2006; Farnell et al., 2008) , lending support to the hypothesis that neuronal damage due to alcohol exposure in utero can lead to circadian dysregulation and sleep disturbance (Earnest et al., 2001 ). However, one of the challenges to understanding the relationship between PAE and sleep disturbance in humans is that while sleep problems may be a direct result of alcohol-induced neuropathology, they may also be due to other preexisting health problems, psychopathology, or environmental factors. Nevertheless, given that problems with sleep can further exacerbate these conditions, screening and treatment are warranted regardless of whether the primary cause is due to PAE.
FUTURE DIRECTIONS
Given the impact of sleep disturbance on neurobehavioral functioning and quality of life in typically developing children and children with other neurodevelopmental disorders, this is a significant, clinically relevant issue that is not well understood in the FASD population. The studies reviewed herein attest to the need for formal sleep assessment at the level of primary care for individuals with PAE. Further characterizing the sleep profile of children with PAE using comprehensive methods of sleep measurement (e.g., polysomnography, actigraphy, questionnaires) in larger samples will aid in establishing standard-of-care guidelines for clinicians and in developing the most effective methods of intervention. This information would help healthcare providers make better informed diagnoses and would be particularly useful in determining the most appropriate medications for an individual. Furthermore, elucidating the relationship between sleep disturbance and neurobehavioral functioning may reveal alternate avenues for managing behavior problems, ameliorating emotional dysregulation, and improving cognitive function in individuals with PAE.
Many of the sleep studies conducted to date are limited by small sample size and lack of an appropriate control group. Future studies should aim to include age-and sex-matched typically developing controls in order to further clarify the relationship between PAE and sleep. Additionally, studies examining a nonexposed contrast group, such as children with ADHD or sleep disorders, would be helpful in determining the specificity of sleep problems and their potential relationship with neurobehavioral outcomes. Such information could aid in differential diagnosis and earlier identification of affected children. Ultimately, increased understanding of the effects of PAE on sleep quality should be used to inform the development of novel interventions aimed at improving the quality of life of children affected by PAE.
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